Impurity-free interdiffusion of GaAs/AlGaAs quantum wells was investigated for SiO x capping layers grown by plasma-enhanced chemical vapor deposition. Dielectric layers were deposited for various nitrous oxide flow rates, N(30 sccm р N р 710 sccm), while maintaining a fixed silane flow rate. The oxygen content, x, of the dielectric increased monotonically with N and stoichiometric oxides were deposited above N ϭ 350 sccm. However, the blue shift in quantum wells did not follow a similar trend as the variation of x. Following rapid thermal annealing, the blue shift increased with the increasing N to exhibit a maximum in the range 100 sccm Ͻ N Ͻ 200 sccm. Any further increase in N resulted in a decrease in blue shift, which reached an almost constant value for N Ͼ 350 sccm. It is shown that this maximum in the blue shift is due to the stress imposed by the SiO x layer on the GaAs/AlGaAs heterostructure. Quantum well intermixing ͑QWI͒ offers a promising alternative to the less versatile customary regrowth technique in order to achieve integrated optoelectronic and photonic devices and circuits.
Quantum well intermixing ͑QWI͒ offers a promising alternative to the less versatile customary regrowth technique in order to achieve integrated optoelectronic and photonic devices and circuits. [1] [2] [3] It is a simple technique which does not require critical growth conditions and stringent etch steps. Recently, QWI has been used to either fabricate or improve the performance of a wide range of lasers. [4] [5] [6] [7] Interdiffusion is a result of compositional intermixing of well and barrier atoms in III-V heterostructures, due to the thermal diffusion of defects, namely, the group III vacancies (V Ga ) in the GaAs/AlGaAs system. 1, [8] [9] [10] The main techniques used for intermixing have recently received a detailed review.
1 Impurity-free vacancy interdiffusion ͑IFVD͒, 11 which is commonly achieved using silica capping layers followed by annealing, is usually the preferred option. It retains a high crystal quality, thus maintaining both low optical losses and minimal free-carrier compensation. 2 Although IFVD using SiO x capping layers has been investigated for the past two decades, it still remains an elusive technique as a viable interdiffusion technology for optoelectronic and photonic devices integration. 1, 2, 9 The main shortcomings have been the use of capping layers prepared by different techniques or under different conditions, and the lack of understanding concerning the effect of quality of encapsulant on QWI. The few experiments which have been performed to investigate the influence of quality of dielectric layer on the interdiffusion process, have studied mainly sputter deposited, electron beam evaporated, and spin-on-glass layers. [11] [12] [13] Plasma-enhanced chemical vapor deposition ͑PECVD͒ enables the deposition of SiO x layers with different properties, and, therefore, lends itself as a suitable technique to correlate QWI with properties of the dielectric layer. We have recently demonstrated that the porosity of PECVD SiO 2 layers could be changed by varying the substrate temperature during deposition and showed the corresponding enhancement in blue shift in GaAs/AlGaAs quantum wells ͑QW͒. 14 We have also reported on the silane (SiH 4 ) flow rate dependence of SiO x capping layer induced IFVD of the same structure. 15, 16 Our present understanding of the mechanisms directing the generation of V Ga at the encapsulant-heterostructure ͑E/H-͒ interface and its diffusion below the surface is also limited. In this respect, we have investigated the electronic, diffusion, and isochronal annealing properties of defects generated in rapid thermally annealed ͑RTA͒ SiO 2 -capped GaAs epitaxial layers. The dependence of defect concentrations on RTA temperature and annealing time were also measured. 17, 18 In this paper, we demonstrate the influence of stress imposed on the heterostructure by the SiO x layer on IFVD. Capping layers were deposited by PECVD using different nitrous oxide (N 2 O) flow rates.
Experimental
The heterostructure used in this study consists of four GaAs QWs of nominal thickness of 1.4 ͑QW1͒, 2.3 ͑QW2͒, 4.0 ͑QW3͒, and 8.5 ͑QW4͒ nm sandwiched between barrier layers of 50 nm Al 0.54 Ga 0.46 As. The detailed structure of the sample can be found elsewhere. [14] [15] [16] SiO x layers, 230-250 nm thick, were deposited on the entire QW structure by PECVD using N 2 O/SiH 4 flow at 300°C. The flow rate of N 2 O, N, was varied between 30 and 710 sccm, while that of SiH 4 ͑5% in N 2 ͒ was kept at 160 sccm. Layers were deposited at 1 Torr pressure and 20 W rf power. One-half of each film was etched away, and each sample was cut into three pieces. Samples were annealed at 950°C for 30, 60, or 90 s under Ar flow by rapid thermal annealing ͑RTA͒. GaAs proximity capping was used to prevent excessive loss of As from the surface during RTA. The excitonic behavior of QWs was measured using lowtemperature ͑12 K͒ photoluminescence ͑PL͒ measurements with a green He-Ne laser ͑543 nm͒ and Si charge coupled device detector through a 0.25 m monochromator. The uncapped and annealed half of each sample served as a reference in order to measure only the blue shift due to dielectric capping. The oxygen content of SiO x layers was determined by Rutherford backscattering spectroscopy ͑RBS͒. The stress imposed by the capping layer on the substrate was determined by measuring the differential curvature of the substrate before and after film deposition with an Alpha-step stylus profilometer. 19 Spectroscopic ellipsometry and Fourier transform infrared spectroscopy were also used to characterize the capping layers.
Results and Discussion
The variation of energy shift for QW3 in samples annealed at 950°C for 30, 60, or 90 s is shown in Fig. 1 as a function of the N 2 O flow rate, N. The blue shift increases with increasing N to reach a maximum for 100 sccm Ͻ N Ͻ 200 sccm, and thereafter decreases to reach an almost constant value for N Ͼ 350 sccm. This variation of energy shift is typical to all QWs and for all RTA conditions. Variable blue shifts between ϳ10 meV ͑QW4, 30 s͒ and ϳ225 meV ͑QW3, 90 s͒ are obtained in the present investigation. The maximum shifts are observed for QW2 and QW3, whereas the minimum shift is obtained for QW4. Such behavior arises from the compound effect of the well width and its distance from the E/H-interface as explained in our previous studies. [14] [15] [16] In order to explain the dependence of energy shift on N, and especially the maximum which it exhibits between 100 and 200 sccm, we have investigated the properties of capping layers. This approach is of crucial importance to better understand the key operative mechanisms behind IFVD.
In Fig. 2 we show the variation of oxygen content, x, in SiO x layers as a function of N. The determination of x by simulating the random and channeled RBS spectra taken from SiO x layers using the RUMP simulation code has been demonstrated earlier.
16 Figure  2 also shows the variation of refractive index, n ͑measured at 633 nm͒, of SiO x layers with N 2 O flow rate. A second-order Cauchy model, which gave a unique solution for each layer, was used to determine refractive indexes. There is a close semiquantitative agreement between the RBS and ellipsometry results. The oxygen content in SiO x layers increases with the increasing N and nearstoichiometric films are deposited for N у 350 sccm. The corresponding decrease in refractive index with N demonstrates that the layer becomes less Si-rich. For N ϭ 705 sccm, the refractive index is ϳ1.465 which is close to that of thermally grown SiO 2 (n Ϸ 1.46).
In the GaAs/AlGaAs system, the interdiffusion occurs by the diffusion of defects ͑the vacancy͒ on the group III sublattice. 1, 8, 10, 20 Hence, interdiffusion can be directly related to the concentration of V Ga during RTA. We have indeed recently identified a V Ga -related defect in SiO 2 -capped n-type GaAs epi layers following RTA. 17, 18 The mechanism for the generation of excess V Ga at the E/H-interface is, however, not clear at present. There are two possibilities, namely, ͑i͒ the out-diffusion of Ga atoms into the oxide layer during RTA, 1,2,8,10,11 and/or ͑ii͒ metallurgical reactions between Ga atoms and the SiO x layer. 20 In our case, such metallurgical reactions could involve the oxidation of Ga at the E/H-interface. The creation of V Ga through either one or both mechanisms can be expected to increase with the increasing oxygen content in oxide layers. For instance, it has previously been shown that the concentration of Ga atoms outdiffusing from GaAs into SiO x N y capping layers increased with increasing oxygen content in the dielectric layer, which suggested that IFVD should also increase with increasing oxygen content in the capping layer. 11 Based on these arguments one would, therefore, expect a similar dependence of energy shift on N as the one illustrated in Fig. 2 . The results shown in Fig. 1 demonstrate that this may well be the case except for the maximum in the range 100 sccm р N р 200 sccm.
We now demonstrate that the maximum in Fig. 1 is related to the stress that is imposed on the substrate by the capping layer. It is worth noting that most studies on IFVD have disregarded stress effects despite the following. A comprehensive study has previously shown that IFVD proceeds via a two-step mechanism. 10 First, point defects, namely, the vacancy, are generated at the E/H-interface. These defects then diffuse away from the E/H-interface under the influence of the stress imposed on the heterostructure by the oxide layer to promote intermixing. It has been shown that SiO 2 layers, which are under compressive stress at room temperature, became tensile during annealing. This change in stress condition during annealing has been attributed to the low thermal expansion coefficient of SiO 2 layers compared to the GaAs substrate. The tensile stress provided the driving force for defect diffusion away from the E/Hinterface to cause intermixing. The same study 10 showed that the scenario was opposite for Si 3 N 4 layers, which became compressive during annealing, thereby locking point defects in the near-surface region of the heterostructure. The variation of the stress in dielectric-capped samples is shown in Fig. 3 as a function of N. The stress is initially compressive, but becomes tensile for 75 sccm р N р 200 sccm, and then reverts to being compressive for the higher flow rates. Based on the results reported in Ref. 10 , we, therefore, propose that the maximum exhibited by the energy shift in Fig. 1 is due to the intrinsic tensile stress in capping layers deposited using 75 sccm Ͻ N Ͻ 200 sccm. We propose that though all the layers may become tensile during annealing, 10 those deposited using 75 sccm Ͻ N Ͻ 200 sccm would still exhibit higher stresses, and hence, enhance defect diffusion.
It should be noted that the overall intermixing process, which proceeds by the two-step mechanism outlined above, is affected by both the oxygen content in the oxide layer and stress imposed on the heterostructure. The increasing oxygen content promotes the generation of V Ga , and the stress imposed on the heterostructure provides the driving force for the diffusion of V Ga . For N Ͻ 100 sccm, the factor limiting intermixing is probably the concentration of V Ga , whereas defect diffusion limits intermixing for N Ͼ 200 sccm. Although less defects may be created for 100 sccm р N р 200 sccm, compared to N Ͼ 200 sccm, the initial tensile stress results in their more efficient diffusion to initiate intermixing. Finally, we provide the explanation for the increased stress in layers deposited in the range 100 sccm р N р 200 sccm. It is known that the intrinsic stress in PECVD oxides can be affected by both porosity and densification. 21 Furthermore, the densification of deposited layers increases with the increasing deposition rate. 22 Figure 4 illustrates the variation of deposition rate of oxide layers as a function of N. We, therefore, explain the change from compressive to tensile stress depicted in Fig. 3 by the increase in deposition rate, and hence, densification of oxide layers.
Conclusion
The influence of the quality of SiO x capping layers on impurityfree vacancy interdiffusion of GaAs/AlGaAs quantum wells was investigated by varying the N 2 O flow rate, N. The blue shift increased with increasing N to reach a maximum between 100 sccm Ͻ N Ͻ 200 sccm, and thereafter decreased to reach an almost constant value for N Ͼ 350 sccm. The oxygen content of layers increased with increasing N to reach a near-stoichiometric value for N у 350 sccm. Although, the oxygen content affects the generation of vacancies at the E/H-interface, it cannot by itself explain the dependence of energy shift on N. We have demonstrated that the maximum in energy shift observed for 100 sccm Ͻ N Ͻ 200 sccm is due to the stress effect, which enhances defect diffusion. The intrinsic tensile stress in layers corresponding to the region of maximum blue shift is a result of their higher deposition rates. 
